Sleep promotes memory consolidation through unique neuromodulatory 12 activity. However, little is known about the impact of attention during pre-sleep memory 13 encoding on later memory performance. The current study aimed to address the question of 14 whether attentional state prior to encoding, as indexed by alpha oscillatory activity, modulates 15 the consolidation of images across periods of sleep and wake. 22 participants aged 18 -41 16 years (mean age = 27.3) viewed 120 emotionally valenced images (positive, negative, neutral) 17
Introduction 37
Due to the limited processing capacity of the central nervous system, emotional 38 information is often prioritised over neutral information. This prioritisation of emotional 39 information modulates memory across encoding, consolidation and retrieval (LaBar & Cabeza, 40 2006) . Encoding is the acquisition of new information in newly constructed representations, 41
while consolidation transforms these representations into stable forms, integrating them into 42 existing knowledge networks, which are then accessible during retrieval (Diekelmann, 43 Wilhelm & Born, 2009 encoding and consolidation. At encoding, attention is preferentially allocated to emotional over 48 neutral information, facilitating enhanced consolidation of emotional information 49 (Vuilleumier, 2005) . Similarly, it has been suggested that sleep provides a suitable environment 50 for unique neuromodulatory processes to facilitate the distribution of hippocampally-51 dependent information into neocortical long-term memory (LTM) networks (Ellenbogen, 52 Hulbert, Stickgold, Dinges & Thompson-Schill, 2006 Alpha desynchronisation (i.e. decrease in amplitude) is viewed as reflecting the 73 activation of cortical areas with increased neuronal excitability, whereas alpha synchronisation 74 (i.e. increase in amplitude) reflects the inhibition of brain regions (Klimesch, 2012) . This 75 inhibitory account of alpha is supported by a series of recent studies (for review: Sadaghiani & 76 Kleinschmidt, 2016), and highlights the need to move beyond the view that alpha simply 77 reflects passive neural idling (cf. Pfurtscheller et al., 1996) . For example, Sadaghiani and 78 Kleinschmidt (2016) posit that the regulation of alpha power occurs via a cingulo-opercular 79 network, while dorsal fronto-parietal regions downscale alpha power via a top-down influence 80 on local, task-relevant regions. In support of this view, Walz and colleagues (2015) reported 81 an association between greater alpha desynchronisation and the activation of brain regions 82 involved in attentional processing (i.e., bilateral thalamus and posterior parietal cortex) with 83 enhanced behavioural performance on an auditory oddball task. These findings support 84
proposals 
Design 135
This study was a repeated measures within-subjects experimental design with two 136 conditions (sleep, wake). Each condition was counterbalanced across participants and 137 separated by one week to control for condition order effects and to avoid interference between 138 task sets. Conditions included: 139 a) Sleep condition: Participants underwent learning with an immediate retrieval task followed 140 by a 2hr sleep opportunity. A delayed retrieval task occurred thirty minutes after waking. 141 b) Wake condition: Participants underwent learning with an immediate retrieval task. This 142 was followed by a delayed retrieval task after a 2hr wake period. 143 (ISI) appeared in 25% of trials and both the stimuli and ISIs were randomly selected (Shalev 182 et al., 2011). Participants were instructed to press a key on a standard keyboard whenever a 183 target appeared and to refrain from responding to all other stimuli. An example stimulus train 184 is presented in Figure 1 . 185 Stimuli were displayed via OpenSesame Software version 2.9.7 (Mathôt, Schreij & 197 Theeuwes, 2012) and were categorised into three groups (i.e., negative, neutral, positive) 198
Materials and measures
according to their mean valence values. Negative pictures had a mean valence rating of 3.27 199 (SD = 0.03), neutral pictures had a mean valence rating of 5.02 (SD = 0.03), and positive 200
pictures had a mean valence rating of 7.00 (SD = 0.03). All stimuli were counterbalanced based 201 on valence and arousal. 202
During the learning tasks, 120 stimuli, each containing 40 neutral, 40 positive and 40 203 negatively valenced images, were presented sequentially for participants to learn, followed by 204 an immediate retrieval task to gain a recognition baseline. A delayed retrieval task occurred 205 post experimental conditions. The immediate and delayed retrieval tasks contained 120 206 previously seen pictures intermixed with 120 new (distractor) pictures (see Figure 2 for 207 schematic representation). Following presentation, participants judged whether pictures were 208 old or new. Pictures were pseudo-randomised at each time of testing, such that no more than 209 two pictures of the same emotion followed. Testing time for each experimental task was 210 approximately 20 -30 minutes. 211 to allow for conscious processing whilst maintaining an appropriate degree of difficulty. Each 214 stimulus was preceded by a 500ms fixation cross with a temporal jitter of ± 100ms and with an 215 ISI of 1500ms; (b) Schematic representation of the retrieval task. Stimuli were presented until 216 button press with a timeout at 5000ms, preceded by a 500ms fixation cross with a jitter of ± 217 100ms. Participants then indicated whether the stimulus was old or new. Images are taken from 218
Creative Commons for illustrative purposes, as the IAPS are protected from the public. 219
Procedure 220
Participants came to the laboratory at approximately 11:45hr, and were taken through 221 to the testing rooms for PSG/EEG set-up. Baseline EEG activity was recorded during quiet 222
sitting with eyes open (focussing on a fixation cross centred on a computer monitor) and eyes 223 closed for two minutes, respectively. Participants then completed the CCPT-V and learning 224
task by approximately 13:30hr, followed by the immediate recall task. 225
During the wake condition, participants were administered the WASI-II and engaged 226
in non-strenuous activity (e.g., reading . At approximately 17:00hr, participants completed the delayed retrieval task (see Figure  232 3 for study protocol). 233 234 Figure 3 . to exclude blinks and other sources of signal contamination. The peak-to-peak threshold for 258 artifact rejection was set at +/-75 µV, and applied within a 500ms sliding window (50% 259 overlap). EOG channels were removed from the data following artifact rejection. 260
One-sided PSD estimates were generated via the MATLAB implementation of Welch's 261 modified periodogram method (Welch, 1967) . This technique divides the signal into equal 262 segments, multiplies each segment by a tapering window of identical length, computes the fast 263
Fourier transform of this product, and averages across the resulting periodograms to estimate 264 the PSD. We applied a 2048 sample (4s) Hamming window with 50% overlap across segments, 265
yielding a frequency resolution of 0.25 Hz. For each channel, PSD estimates were normalised 266 by dividing each power estimate within the passband by the mean of these estimates. This step 267 was designed to facilitate comparison of spectral activity across conditions. 268
Channel-wise PSD estimates derived over the duration of the CCPT-V task were 269 averaged for each participant, and summed across alpha-band frequency bins to summarise the 270 quantity of alpha-band activity per condition. Alpha bandwidth was defined as 2 Hz above and 271 below the participant's individual alpha frequency (IAF). Two indices of IAF (peak frequency  272 and centre of gravity) were calculated from eyes-closed resting-state recordings (estimates 273 from the sleep and wake conditions were averaged with statistical significance determined at α = 0.05. All data are presented as mean and standard 306 deviation (SD) unless indicated otherwise, and effects were plotted using the package effects 307 (Fox, 2003) and ggplot2 (Wickham, 2009 ). 308 Table 3 for a model summary). This analysis was 353 conducted to determine if a behavioural measure of attention prior to encoding modulates 354 memory performance across the sleep and wake conditions. While there was no effect of 355
Results
Condition (χ2(1)=3.20, p=.07), there was a significant effect of CCPT-V (χ2(1)=4.97, p=.02) 356 and a significant Condition x CCPT-V interaction (χ2(1)=5.30, p=.02), indicating that a 2hr 357 sleep opportunity preserved memory that was encoded under low attentional state relative to 358 an equivalent period of wake (see Figure 5 ). 
Primary analysis 392
All significant effects and interactions of the GLMM of memory performance of 393 correct-by-trial are given in Table 4 . Importantly, the model with Alpha yielded the best model 394 fit (see Table 5 for a model summary) compared to the model with CCPT-V as the variable of 395 attentional state. Furthermore, GLMM results indicate a significant effect of Condition, with 396 factor level contrasts revealing memory performance was significantly greater after wake 397 compared to sleep. There was no effect of Valence, translating into a statistically insignificant 398 difference in memory performance between negative, neutral and positive stimuli. Finally, a 399 significant effect of Alpha was indicated for memory performance, such that enhanced memory 400 performance was predicted by increased alpha power at encoding. 401 Alpha modulated memory performance greater in the wake compared to the sleep condition, 408
such that memory performance after a period of wake was enhanced with increased alpha 409 power at encoding (see Figure 6 ). The Condition x Valence interaction was nonsignificant, 410
indicating memory for negative, neutral and positive stimuli did not differ between the sleep 411 and wake conditions. Similarly, the Valence x Alpha interaction was nonsignificant, suggesting 412 enhanced baseline attention did not modulate memory for negative, neutral and positive 413 stimuli. Finally, the Condition x Alpha x Valence interaction was nonsignificant, suggesting 414 alpha power at encoding did not modulate memory performance for negative, neutral or 415 positive stimuli across the sleep and wake conditions. 416 CCPT-V prior to the learning task. The blue and red shaded space indicate the 95% confidence 448
interval. 449
Discussion 450
This study aimed to determine whether attentional state prior to encoding influences 451 sleep-dependent memory consolidation for emotionally valenced, compared to neutral stimuli. 452
Contrary to expectations, memory performance was significantly greater after a period of wake 453 than after a 2hr sleep opportunity. Further, emotional valence did not appear to modulate 454 memory, with no difference in memory performance between positive, negative and neutral 455 stimuli. However, results indicated that memory was modulated by attentional stateas 456
indexed by oscillatory alpha activityand this effect was larger for the wake than the sleep 457 condition. Very few studies have examined the oscillatory correlates of memory encoding prior 458 to a period of sleep (e.g., Heib et al., 2015) . We interpret these findings in accordance with the 459 inhibition-timing hypothesis (Klimesch et al., 2007) , and proposals that memory consolidation 460 benefits from the cyclic occurrence of SWS and REM (e.g. Giuditta, 2014) . 461
Alpha, affective attention and emotional memory 462
Previous research utilising alpha as an index of attention and cortical inhibition have 463
reported increases in alpha desynchronization to emotional stimuli (Uusberg et al., 2013) . This 464 is suggested to reflect a gating mechanism, preferentially processing biologically relevant 465 information, while selectively filtering out less salient information (Aftanas et al., 2002; 466 Uusberg et al., 2013) . However, the present study found that enhanced alpha synchronisation 467 prior to encoding resulted in greater memory performance at recall, which is consistent with 468 models that posit alpha synchronisation plays an active role in global neural integration rather 469 than passive neural idling (Basar, Shurmann, Basar-Eroglu & Karakas, 1997; Hanslmayr, 470 Gross, Klimesch & Shapiro, 2011; Klimesch et al., 2007) . 471
According to the inhibition-timing hypothesis (Klimesch et al., 2007) , an increase in 472 alpha synchronisation reflects the inhibition of bottom-up processing via attentional 473
mechanisms. As such, the relationship between increased alpha synchronisation and greater 474 memory consolidation might reflect a top-down attentional mechanism for sheltering 475 information from external, task-irrelevant inputs (Hanslmayr et al., 2011) . Further, there is 476 strong evidence indicating that increased alpha power regulates the flow of information in the 477 cortex via the synchronised firing of neuronal ensembles in occipital-parietal cortices 478 (Klimesch et al., 2007; Schurmann & Basar, 2001 ). Cycles of neuronal excitability within these 479 regions may act as a pulsed-inhibition gating mechanism, modulating the flow of task-relevant 480 information to regions further downstream (i.e. entorhinal cortex and regions CA1/CA3) for 481 long-term consolidation (Buzsaki, 1996) . This interpretation is in line with evidence 482
demonstrating that the phase of alpha oscillations modulates synaptic spiking, maximising 483 stimulus detection and subsequent mnemonic processing (Canolty & Knight, 2010) . For 484 example, Khader and colleagues (2010) reported increased alpha synchronisation while 485 participants engaged in internal mental processing tasks after encoding, which predicted 486 enhanced performance on a delayed recall task. Thus, our findings build on the proposal that 487 alpha oscillations serve as a gating mechanism, modulating memory encoding within a 488 thalamo-neocortical-hippocampal network, opposed to the view that alpha synchronisation 489 merely reflects cortical idling (e.g., Pfurtscheller et. al., 1996) . 490
However, it is important to note the methodological differences between the current 491 study and analogous research on the affective modulation of alpha. finding emotional stimuli to evoke greater alpha ERD than neutral images. While the ERD 494 technique indexes changes in oscillatory activity on a millisecond timescale, it can disregard 495 the importance that the overall brain state has on LTM formation (Hanslmayr, Staudigl & 496 Fellner, 2012). Thus, naturally occurring fluctuations between alpha synchronisation and 497 desynchronisation may promote enhanced cortical processing (Klimesch, 2012; Mathewson et 498 al., 2011; Peterson & Voytek, 2017) . This is consistent with our findings, where higher alpha 499 power predicted the consolidation of images, supporting the idea that fluctuations in neuronal 500 excitation promote memory formation (Fell & Axmacher, 2011 2001), we proposed that memory would be greater after a 2hr nap compared to wake, and that 511 this effect would be accentuated for emotional compared to neutral stimuli. In contrast, memory 512
performance was significantly greater after wake compared to sleep, coupled with no 513 statistically significant difference in memory performance between negative, neutral, and 514 positive stimuli. 515
Although offering many methodological advantages, such as controlling for circadian 516 effects, an afternoon nap typically lacks REM sleep (Genzel, Spoormaker, Konrad & Dresler, 517 2015; Payne et al., 2015) . As participants in the current study experienced a small amount of 518 REM, memory for neutral and emotional items may have been selectively refined through the 519 synaptic downscaling of SWS Rasch & Born, 2015) . Without REM to 520 target neural representations of emotionally valenced items, memory for emotional stimuli may 521 have weakened over time (Nishida, Pearsall, Buckner & Walker, 2009 ). This interpretation 522 supports studies reporting a beneficial role of REM in promoting emotional plasticity, 523 particularly through theta oscillations (Heib et al., 2015; Hutchison & Rathore, 2015) . REM 524 theta oscillations reflect coherent activity between the hippocampus and amygdala and are 525 thought to preferentially strengthen emotionally tagged memory traces (Hutchison & Rathore, 526 2015) . As such, the null effect of sleep reported here may be explained by a lack of REM theta 527 activity, which preferentially strengthens memory traces of emotional stimuli after the synaptic 528 downscaling induced by slow oscillations during NREM sleep (Hutchison & Rathore, 2015) . 529
Alpha oscillations, sleep and memory consolidation 530
This study provides preliminary evidence that attention and sleep modulate memory 531 consolidation in distinct ways. Greater attention prior to encoding appears to be important for 532 preserving memory during wakefulness, and that a 2hr sleep opportunitywithout sufficient 533 REMmay transiently shelter memory from the external inputs of wakefulness. One possible 534 explanation for the distinction between wake and sleep findings comes from consideration of 535 the interplay of alpha activity with that of theta. Theta rhythms during wake have been 536 associated with enhanced memory formation, wherein after learning emotional stimuli, theta 537 activity has been reported to synchronise between the hippocampus and temporal cortex, 538
reflecting hippocampal-cortical communication ( 
Limitations and strengths of current study 580
As discussed, one major limitation of the current study was minimal REM sleep 581
occurring during daytime naps, as well as large variability in the time participants slept. These 582 effects make it difficult to establish a true effect of sleep. Future research using a nocturnal 583 half-night paradigm would involve presenting participants emotional stimuli before either a 584 SWS or REM-rich sleep interval (Groch et al., 2013) . Nocturnal half-night paradigms account 585 for natural human nocturnal sleep architecture, and would allow for the systematic 586 investigation between alpha activity at encoding and memory consolidation during SWS and 587 REM. 588
The adoption of a nocturnal half-night paradigm would be complemented by the use of 589 individual valence reports instead of normalised ratings. While the majority of research 590
utilising the IAPS has relied on normalised ratings (Bradley & Lang, 1994; Lang & Bradley, 591 2007), there may be large inter-individual variability in the way subjects perceive stimuli along 592 the dimensions of valence and arousal (Backs, Silva & Han, 2005). Quantifying emotional 593 memory based on individual self-report ratings may increase model sensitivity and the 594 probability of detecting emotion-enhanced memory effects, similar to previous emotional 595 memory research (for review: Talmi, 2013) . 596
Finally, while averaging alpha power over the course of the CCPT-V enabled 597 quantification of a cortical index of sustained attention, it did not allow for direct observation 598 of event-related changes in the power spectra. While this method yields distinct strengths, it 599 limits the ability to establish links between changes in alpha power at the point of stimulus 600
presentation, making it difficult to infer the relationship between alpha (de)synchronisation and 601 the consolidation of stimulus-specific characteristics. Despite these limitations, the adjustment 602 of the alpha range according to participants' IAF yields greater reliability over utilising the 603 standard 8-12 Hz range. The distribution of alpha-band activity shows substantial variation 604 across individuals, and has been associated with inter-individual differences in information 605 processing and general intelligence (Klimesch, 1997; 1999) . Further, anchoring frequency 606 band windows in relation to the IAF as opposed to classically defined bandwidths has been 607 shown to increase sensitivity to band-specific oscillatory dynamics (Doppelmayr, Klimesch, 608 Pachinger, & Ripper, 1998). From this perspective, the effects of alpha reported here are 609 unlikely to be due to overlap with other frequency band activity (e.g. beta, 13-30 Hz; for a 610 discussion on alpha/beta activity and long-term memory, see Hanslmayr et al., 2012) . 611
Conclusions 612
This study demonstrated that attention, as indexed by alpha oscillatory activity, 613 modulates memory consolidation during wake relative to an equivalent period of sleep. These 614 results address a neglected area of research into the sleep-dependent memory consolidation 615 hypothesis: effects of sleep versus wake on the consolidation of various types of memory are 616 often assessed in isolation to memory encoding, limiting the ability to separate encoding-617 specific factors (e.g. attentional state) from sleep-facilitated consolidation on subsequent 618 memory. From this perspective, alpha oscillatory activity provides a valuable pathway for 619
investigating the neural correlates of attention and sleep-facilitated memory consolidation. 620
However, in line with previous accounts, we posit that REM oscillatory theta activity may 621 underlie post-encoding processes involved in memory consolidation, particularly for 622 emotionally valenced information. Future research should directly measure the combined 623 effect of alpha at encoding, and theta during consolidation, across periods of wake and sleep. 624
This will provide a valuable basis for future research investigating brain mechanisms involved 625
in the interactive effect of attention and sleep on long-term memory consolidation. 626
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